Biosensors are an important alternative in the food industry to ensure the quality and safety of products and process controls with effective, fast and economical methods. Their technology is based on a specific biological recognition element in combination with a transducer for signal processing. The use of enzymatic biosensor technology in food processing, quality control and on-line processes is promising compared to conventional analytical techniques, as it offers great advantages due to size, cost, specificity, fast response, precision and sensitivity. This article reviews the development and use of some enzyme biosensors in the food industry, describes the most important application areas and analyzes the current situation and future possibilities. In conclusion, enzymatic biosensors are a tool with broad application in the development of quality systems, risk analysis and critical control points, and the extent of their use in the food industry is still largely limited by the short lifetime of biosensors, in response to which the use of thermophilic enzymes has been proposed.
INTRODUCTION
In recent decades increased knowledge about the biological capacity of enzymes has made it possible to create a new generation of products and processes. Among these products are notably biosensors, which represent a powerful alternative to conventional analytical technique (Velasco-García and Mottram, 2003) . This technology has advanced considerably in recent years, basically because of the creation of devices applied in the area of biomedicine. These advanced technologies have been gradually transferred horizontally to other sectors, such as the environment and the agro-food industry.
A biosensor is defined as a compact device for analysis that incorporates a biological or biomimetic recognition element (nucleic acid, enzyme, anti-body, receptor, tissue, cell) associated with a transduction system that allows for processing the signal produced by the interaction between the recognition element and the analyte. The principle of detection of a biosensor is based on the specific interaction between the analyte of interest and the recognition element. As a result of this specific interaction, changes are produced in one or several physical-chemical properties (pH, electron transference, heat transference, change of potential or mass, variation of optical properties, etc.). These changes are detected and can be measured by a transductor (VelascoGarcía and Mottram, 2003) . This system transforms the response of the recognition element into an electronic signal indicative of the presence of the analyte under study or proportional to its concentration in the sample.
Biosensors currently represent powerful tools for analysis with numerous applications in the agro-food industry, mainly in biotechnological instruments (Mello and Kubota, 2002) . The most important characteristics of these devices to be competitive with other technologies in the agro-food industry are their specificity, high sensitivity, short response time, their capacity to be incorporated into integrated systems, the facility to automate them, their capacity to work in real time, their versatility and low production cost (Rasooly, 2001; Mello and Kubota, 2002; Velasco-García and Mottram, 2003) .
In recent years, the number of scientific investigations and reviews on biosensors has been very high, which reflects the considerable interest in the theme. Ironically, there is a lag between the high level of scientific and technological development and the limited use of these devices in the agro-food sector (Velasco-García and Mottram, 2003) basically because of structural characteristics of the sector, such as legislation, methodological inertia, absorption capacity and environmental factors. The development of the diverse technologies involved in the design and construction of biosensors has allowed in recent years for resolving technical difficulties and personalized design of biosensors that, from the technical point of view, cover practically all needs.
The development of biosensors is described in numerous works, the majority in the areas of clinical, environmental, agricultural and biotechnological applications (Tothill, 2001) . Their use in the food sector is convenient to ensure the quality and safety of foods (Luong et al., 1991) . The potential uses of biosensors in agriculture and food transformation are numerous and each application has its own requirements in terms of the concentration of analyte to be measured, required output precision, the necessary volume of the sample, time required for the analysis, time required to prepare the biosensor or to reuse it and cleanliness requirements of the system (Velasco-García and Mottram, 2003) .
Biosensors have been adapted to detect or measure analytes in "on-line" systems, that is, simultaneous with food processing (Rasooly, 2001) . Hazard Analysis and Critical Control Point (HACCP) is generally regarded as the most effective system to ensure food safety. It is highly useful in verifying that processes are under control. The high sensitivity of enzymatic biosensors allows for the detection of microorganisms such as Escherichia coli, Salmonella sp., Staphylococcus aureus, pesticides and herbicides, among others, in hours and/or minutes (Fitzpatrick et al., 2000; Killard and Smyth, 2000) .
Innovation and development in the food industry are guided by the central principles: food safety and quality (Mello and Kubota, 2002; Ferreira et al., 2003) . The increasing complexity of the food chain requires, among other things, the development of effective traceability systems that guarantee the solidity of all the links. In both cases, the priority is to develop and install control systems such as biosensors that involve molecular methods of detection, analysis and diagnosis that are rapid, highly sensitive and automated tracing for a wide range of agents that threaten food safety.
Given the applicability of biosensors, this article reviews the development and use of some enzymatic biosensors in the food industry, describing the three main areas of application: food safety, food quality and process control, the current situation and future possibilities. As well, there is a brief commentary on the aspects of catalytic biosensors and their classification according to the type of interaction established between the recognition element and the analyte.
Enzymatic biosensors
A catalytic biosensor can be described as a compact analytic device that incorporates a biological sensing element, closely connected to or integrated with a transductor system (Velasco-García and Mottram, 2003) . Biological sensors include enzymes or multi-enzymatic mediums, cellular organelles, complete cells or animal or vegetal tissue (Davis et al., 1995; Mello and Kubota, 2002; Wilson and Gifford, 2005) , which are used to detect the presence of any of the substrates that participate in the reaction by detecting the disappearance of a known substrate distinct from the substrate being sought, or by the appearance of a known product; biological sensors are not consumed and can be reused (Gajovic et al., 2000; Wilson and Gifford, 2005) .
In enzymatic biosensors a reaction occurs catalyzed by an enzyme in which the union of the substrate is produced in a concrete region of the enzyme termed the active center, which upon forming the products is recovered and can begin a new reaction cycle. The use of enzymes as biological recognition elements was very popular in the first generation of development of biosensors owing to their commercial availability or the facility for isolation and purification of diverse sources (Luong et al., 2008) . Subsequently, other advantages were found in using enzymes in recognition biosensors, such as rapid response, high selectivity, the possibility of regeneration and the simplicity involved in constructing the devices (Hall, 2002) . In numerous cases multi-enzymatic chains are employed, where the enzyme that generally recognizes the analyte does not act directly on it, but rather interacts with some product derived from it. This technique is often used, for example, with some sugars, where enzymes that are used react with the products of hydrolysis of the same. Among the enzymes that are commercially available, the most often used in biosensors are oxidoreductase, notably among which are glucose oxidase, horseradish peroxidase and alkaline phosphatase (Rogers and Mascini, 1998; Laschi et al., 2000) , because they are very stable catalyzing reactions of oxide reduction (Mello and Kubota, 2002) .
More than 2000 articles on enzyme-based biosensors were found in the literature and this is because of the need to examine blood glucose (Tothill, 2001; D'Orazio, 2003) and the feasibility of construction of the same. In the majority of the applications, the detection limits are satisfactory or excessive, but the stability of the enzymes and the capacity to maintain enzymatic activity over a long period of time continues to be problematic, which is generally resolved by immobilizing the enzymes (Tothill, 2001; D'Orazio, 2003) . Immobilized enzymes offer advantages for application in different types of industrial processes and are adaptable to new engineering designs (Krajewska, 2004) , for which it is important to increase the affinity of the enzyme to the substrate, reduce inhibition, increase the optimal pH interval and reduce possible microbial contamination (Arroyo, 1998) . Basically, in enzymatic biosensors the enzymes are immobilized in a potentiometric, amperometric, optometric, calorimetric or piezoelectric transductor (Davis et al., 1995) .
In some cases electro-active interference caused by endogenous compounds in the sample for analysis becomes significant and needs to be eliminated. Currently, glucose oxidase continues to be the most stable and specific enzyme that can be easily obtained in large quantities (Luong et al., 2008) .
On the other hand, there are enzymes that cannot be used because they are not sufficiently stable or because their purification is difficult or too costly, because of which cells from bacteria, fungus, protozoa and higher organisms are being used (Mello and Kubota, 2002) . Instead of being purified, these cells are used as biological recognition elements, taking advantage of their diverse multi-cellular enzymatic systems that possess the capacity to metabolize different organic compounds, generating distinct products such as ammonia, carbon dioxide, acids, sugars, vitamins and nitrogenated compounds, among others, which can be detected in the biosensors, and in turn can be used to detect compounds that inhibit microbial respiration as toxic and contaminating substances (D'Souza, 2001) . As well, the cells offer the facility to be modified genetically to improve their activity or to produce specific enzymes that do not normally appear.
One of the most important limitations in the use of complete cells is the diffusion of substrates and products by means of the cellular membrane, with which a slower response is obtained in comparison to purified enzyme biosensors, and with less specificity owing to reactions catalyzed by other enzymes present in the cell (D'Souza, 2001 ). These limitations can be reduced through the permeabilization of the cellular membrane by means of enzymatic processes with lysozyme, papain, chemical processes with detergents and physical processes with freezing and thawing (Mello and Kubota, 2002) . These processes permit an increase in porosity of the membrane, allowing for better incorporation of the analyte and impede the escape of the intercellular macromolecular compounds, while the enzymes at the same time allow the co-factors that intervene in the catalytic reactions to leave to the exterior of the cell. Consequently, such treatments provoke cellular inviability, which limits their use to applications that do not require cellular regeneration of co-factors or metabolic respiration, as is the case of glucose oxidase, ß-galactosidase, amino acid oxidase and invertase (D'Souza, 2001) .
Cells can be immobilized in membranes of cellulose acetate, or be trapped in a matrix, such as agar gel (Patel, 2002; Tatsumi et al., 2006; Setti et al., 2007) in a simpler and more economical way than enzymatic immobilization.
Other systems of catalytic biosensors instead of using complete cells or isolated multi-enzymatic include subcellular organelles or tissue, that contain more specific complete enzymatic systems, as is the case of thylakoids, complete chloroplasts or mitochondria, which are doublemembrane organelles that have enzymatic systems related to obtaining energy. Such organelles are used in the detection of toxic agents such as pesticides, heavy metals or detergents that can inhibit enzymatic systems (D'Souza, 2001 ). In the same manner, there are determined tissues that according to their physiological function in the organism produce specific enzymes or enzymatic systems, such as leaves, roots, fruits or seeds, in sliced or in homogenized form; such tissue are often associated with electrochemical transductors (Li et al., 2002; Wilson and Gifford, 2005; Mei et al., 2007) . For example, for the detection of phenol impregnated in salmon, salmon tissue is used in an electrochemical biosensor of carbon and tyrosinase mixed with electropolymerized pyrrole (Tingry et al., 2006) ; slices of potato are used for the determination of mono and polyphenoles (Solanum tuberosum L.) because of their high content of polyphenol oxidase enzymes, together with oxygen electrodes (D'Souza, 2001; Kulys and Vidziunaite, 2003) ; for the determination of alcohol, homogenized fungus Agaricus bisporus is used (Akyilmaz and Dinckaya, 2000; Kulys and Vidziunaite, 2003) ; for the determination of diamines like putrescine and cadaverine, tissue is used from chemiluminescent plants, based on the enzymatic conversion that takes place in the column of tissue of the plants to produce hydrogen peroxide (Mei et al., 2007) , among many others examples.
The application of more than one sensor channel for one or more species in a unit using enzyme-electrode type amperometric sensors has led to the development of several multi-sensors based on principles of amperometric detection (Silber et al., 1994; Miertus et al., 1998) . The use of electro-chemical transductors of various channels allows for the construction of biosensors that can simultaneously analyze three or more species and in this manner optimize selectiveness and reliability in comparison to sensors with only one substrate (Glazier et al., 1988) .
Potential applications of enzymatic biosensors in the agro-food industry
Applications in food safety. The concept of food safety involves ensuring the production and marketing of harmless food, with this, ensure the health of the consumer. The quantity and types of food additives incorporated into food products are regulated by the legislation of each country, the detection and quantification of which are important to prevent fraud and malpractice by manufacturers, allergies and other adverse effects to determined groups of the population (Zinedine et al., 2007) . Because of this, special attention has been given to studying the way to detect the presence of contaminants, such as residues of pesticides, fertilizers, heavy metals and organic compounds, given that the majority of these have a high level of toxicity. Based on this need biosensors are used to detect xenobiotic substances, substances external to the food product such as additives and pesticides and components of the food itself like toxines of diverse origins (Xavier et al, 2000; Patel, 2002) . The traditional methods to identify food contaminants include physiochemical, serological and biological tests, however many of these require large quantities of prepared samples, analysis time and lack sufficient sensitivity and selectivity.
The development of catalytic biosensors in food additive analysis generally employs enzymes as recognition systems. This development is described in several investigations, among these notably are analysis of aspartame with carboxyl esterase, alcohol oxidase, caboxypeptidase, L-aspartase, peptidase, aspartate aminotransferase, glutamate oxidase and α-chymotrypsin (Odaci et al., 2004) ; analysis of sorbitol with sorbitol dehydrogenase and nicotinamide adenine dinucleotide (NAD+) (Saidman et al., 2000) ; analysis of benzoic acid with tyrosine (Morales et al., 2002) and analysis of sulphites with sulphite oxidase; all developed with a system of amperometric transduction. In some cases interference reactions have been observed that reduce the efficacy of these devices, as occurs with biosensors used to detect sorbitol which also interact with another artificial edulcorant, xylitol; and with devices designed for the determination of benzoic acid by the presence of other antioxidants such as butyl hydroxyanisole (BHA) and propyl gallate (Patel, 2002) . Table 1 presents the main biosensors used in the detection of these types of compounds in food and water; among these are devices based on the inhibition of enzymatic activities that incorporate enzymes such as cholinesterases (acetyl and/or butyrylcholinesterases), tyrosinase or alkaline phosphatase; and units in which reactions are catalyzed that affect the analyte of interest, which include hydrolases, reductases, etc. (Nunes et al., 1998; Bachmann et al., 2000; Panfili et al., 2000) .
The different pesticides used in food production can accumulate in the fatty tissue of animals, while the excessive use of fertilizers contaminates ground water with nitrates, nitrites and phosphates (Cosnier et al., 1998; Moretto et al., 1998) . For the detection of herbicides such as phenyl urea and triazines, which inhibit photosynthesis, biosensors have been designed with membrane receptors of thylakoid and chloroplasts, photosystems and reaction centers; or complete cells such unicellular alga and fenilureas and triazines, for which mainly amperometric and optical transductors have been employed (Patel, 2002) .
There are also other substances potentially toxic for humans with a major impact on the environment that can reach the food chain accidentally, such as contaminating residues present in water and soil, among these byproducts from diverse industrial processes (dioxins), used as dielectric or hydraulic fluid agents (polychlorinated biphenyls or PCBs) or generated in the burning of fossil fuels or wood (polycyclic aromatic hydrocarbons or PAHs), benzene, toluene and xylene (named BETX) and derived phenolics; immunosensors, enzymatic biosensors and biosensors with complete cells are used for the detection of these organic compounds (Hedenmo et al., 1997; Patel, 2002) . Likewise, devices have been designed to determine the levels of heavy metals such as arsenic, cadmium, mercury, lead, among others, in samples of water and soil, which incorporate genetically modified microorganisms and enzymes such as urease, cholinesterase, glucose oxidase, alkaline phosphatase, ascorbate oxidase and peroxidase (Tsai et al., 2003) , the transduction systems in these devices are notably electrochemical and optical, as indicated in Table 1 .
On the other hand, foods can naturally present antinutritional compounds that can generate disorders in the consumer, given that they hinder absorption and metabolize distinct nutrients causing a deficiency of the same. Table 2 presents some examples of biosensors used in the detection of anti-nutrients.
Applications in food quality. The term food quality is related to nutritional value, acceptability and safety. The latter was analyzed in the previous section and the others are evaluated in function of parameters such as freshness, appearance, flavor, texture and chemical (Vadiuambal and Jayas, 2007) . The composition of the foods allows for characterization and verification if the food contains elements to enrich the food such as vitamins and/or minerals. To evaluate food composition distinct biosensors have been developed, which are described in Table 3 .
Various food labeling regulations recognize the importance of determining freshness, establishing guidelines for the use of the term "fresh" in relation to food (FSA, 2004) . One way to determine freshness is through evaluation of the composition of products such as meats, fish, fruits and vegetables, given that during periods of storage compounds can by synthesized that produce abnormal odors and flavors and are prejudicial to the health of the consumer. Table 4 lists the biosensors developed to evaluate the freshness and useful life of foods.
Some of the most important problems that affect food freshness, and with it food quality, are exposure time in an inadequate environment, incorrect design of the food packaging, inadequate management of temperatures There are multiple compounds that give rise to disagreeable flavors and aromas that can be detected with biosensors, as in the case of 2,4,6-tricloroanisole in wine (Moore et al., 2003) , which is related to wine bottle corks, whose presence causes significant losses to the wine industry. In other cases, the level of freshness of fish has been detected through a hydrogen peroxide electrode based on the xanthine oxidase enzyme (Volpe and Mascini, 1996) . Biosensors can also detect indicators of processes, such as lactulose, disaccharide, which is formed in the thermal treatment of milk allows for distinguishing between milk that has been submitted to a UHT treatment (ultra high temperature) and milk sterilized in the container.
Applications in process control. Currently, thanks to biosensor technology it is possible to determine and quantify on-line diverse compounds of importance in process control, such as sugars, alcohols, and amino acids, among others.
Sugars are limiting factors in fermentative processes given that low concentrations reduce the productivity of the bioreactor. Because of this, numerous investigations have been undertaken, among which notably are those on the use of amperometric biosensors to analyze glucose with glucose oxidase in fruit juices (Ángeles and Cañizares, 2004) ; lactose with ß-galactosidase and glucose oxidase; and lactulose with ß-galactosidase and fructose dehydrogenase, which implies an excessive thermal treatment of milk during pasteurization (Campás et al., 2002) . In relation to alcohols and principally ethanol, enzymatic reactions are inhibited when alcohol content exceeds 14%; analysis has been advanced mainly with the alcohol dehydrogenase enzyme Gluconobacter oxydans with amperometric biosensors; likewise, with fermentation, the proportion of glycerol should be maintained at 1:10 in relation to total alcohol, the analysis of glycerol has been developed with glycerokinase and glycerol-3-phosphate oxidase in amperometric biosensors to monitor fermentative processes (Niculescu et al., 2003) . On the other hand, aminoacids like lysine, obtained by fermentation and employed as animal feed supplements, has been controlled by the lysine oxidase enzyme. Similarly, lactic acid used to control acidity and the formation of crusts on cheese, have been examined with lactate oxidase in amperometric biosensors. These biosensors can be integrated into the system of Hazard Analysis and Critical Control Points (HACCP) to verify that processes are being carried out correctly.
Despite the broad applicability of biosensors, the use of the technology in the control of processes is limited for several reasons: the short life of enzymatic biosensors, the need to calibrate them with certain frequency, the lack of reliable response to different concentrations or with variable conditions in the medium, among others (Ferreira et al., 2003) . The prototype tests in real samples have critical stages such as immobilization of the biocomponent during the construction of the device and preparation of the sample for analysis. Biosensors require mild temperature and pH conditions to keep the biological element active (Gibson, 1999; Wilson and Gifford, 2005) . Consequently, in some cases a previous treatment of the sample is recommended to eliminate interfering species such as ascorbic acid, tyrosine and others. Procedures are conducted that include neutralization, dilution or extraction when the food is acidic or hydrophobic. The correction methods to reduce the duration of food analysis include acidic or alkaline hydrolysis, microwave digestion, extraction of supercritical fluids, evaporation and filtration (Deng and Dong, 1996; Marconi et al., 1996; Kotsira and Clonis, 1998; Panfili et al., 2000) . Likewise, specific sensors have been developed for the determination of glucose, lactate, glutamate, pyruvate, choline and acetylcholine through monitoring of nitric oxide, Na , and dopamine (Zhang and Wilson, 1998; Wilson and Gifford, 2005) .
CONCLUSIONS
The food industry is benefitting from major advances in the development of enzymatic biosensors with different transduction systems that can be applied in the areas of food safety, quality and process control; studies are focused mainly on determining composition, contamination of primary materials and processed foods. Bassi Palmisano et al., 2000 Marconi, 1996 Palmisano et al., 2000 Silber et al., 1994 Ramanathan et al., 2001 Sekine and Hall, 1998 Sarkar et al., 1999 Matsumoto et al., 1998 Kwong et al., 2000 Kelly et al., 2000 Olschewski et al, 2000 Miertus et al., 1998 Katrlık, 1998 Niculescua et al., 2003 Eggins et al., 1997 Akyilmaz and Dinckaya, 2000 . Prodromidis et al., 1997 Mello and Kubota, 2002 In the area of food safety, enzymatic biosensors allow for identifying the presence of highly toxic organic contaminants and the presence of anti-nutritional elements that affect the food chain, either accidently or by intention. This early detection protects the environment from contaminants and consumers from chronic illnesses and allergies.
Equally, enzymatic biosensors are being used in the food industry to determine the freshness of products given that it is possible to detect enzymes and compounds of aroma and flavor that originate from the senescence stage of products.
Biosensors have proven to be especially useful in the control of fermentative processes in follow-up of the consumption of the substrate by microorganisms, control of acidity and assessing the thermal profile.
While the use of biosensors in the food industry is on a mass scale, there are still obstacles to be overcome, such as the high cost of purifying the enzymes that are used as detecting elements, the low specificity and low response time that are obtained when complete cells or tissue are used, the lack of reliable responses low concentrations, interference reactions, the need to calibrate the devices and the stability of the enzymes. This last factor is the most limiting for the lifetime of enzymatic biosensors. If these limiting factors can be overcome, it will be possible to develop enzymatic biosensors that are more rapid, versatile, reliable, long lasting and cost-effective.
RESUMEN
Uso de biosensores enzimáticos como indicadores de calidad: Una sinopsis del presente y futuro en la industria alimentaria. Los biosensores constituyen una importante alternativa en la industria de alimentos para garantizar la calidad e inocuidad de los productos y controlar los procesos con métodos eficaces, rápidos y económicos; su tecnología está basada en un elemento de reconocimiento biológico específico en combinación con un transductor para el procesamiento de la señal. El uso de técnicas de biosensores enzimáticos en procesamiento de alimentos, control de calidad y de procesos "on line", es prometedor frente a las técnicas analíticas convencionales, ya que ofrecen grandes ventajas debido a su tamaño, costo, especificidad, respuesta rápida, precisión y sensibilidad. En este artículo se revisa el desarrollo y uso de algunos biosensores enzimáticos en la industria alimentaria, se describen las áreas de aplicación más importantes y se analiza su situación actual y posibilidades futuras. En conclusión, los biosensores enzimáticos son una herramienta de gran aplicabilidad en el desarrollo de sistemas de calidad como el análisis de riesgos y puntos críticos de control, y que la masificación de su uso en la industria alimentaria se ve aún limitada principalmente por el tiempo de vida útil de los biosensores, para lo cual se propone el uso de enzimas termofílicas.
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